Abstract Effluent separation at the origin (brown water (BW), gray water and yellow water) improves sewage treatments. However, the BW can contain disinfectants such as sodium hypochlorite (NaOCl). This disinfectant has a high oxidant potential that could reduce the methane production and affect the granular sludge physiology. Therefore, the initial concentration of volatile solids (VS) from BW and the NaOCl effect on the anaerobic digestion (AD) were evaluated in this work. Variables analyzed were specific methanogenic activity (SMA), structural morphology and mineral composition of granular sludge. A VS removal of 60% was obtained for 6, 9 and 14.6 g/L of VSo. At low concentrations of NaOCl (< 125 mg/L), a VSo removal of up to 55 % and methane production of 125 mL S T P CH 4 /L were observed. While at NaOCl high concentrations (>250 mg/L), the rupture of the granules was observed releasing exopolymeric substances (EPS), the SMA decreased to 0.004 gCODCH 4 /gVS.d. Our findings reveal that the NaOCl (> 125 mg / L) decreases the efficiency of BW treatments, and its effect must be considered to implement the anaerobic digestion of BW in low-flow toilet systems.
Introduction
Different types of domestic effluents are obtained with the separation of wastewater streams at the origin, such as black waters (faeces with urine), brown water (faeces without urine), yellow waters (urine) and gray waters (laundry, shower and kitchen). Effluents are generated in different quantities and qualities, resulting in specific treatments for degradation and/or reuse (de Graaff et al., 2010; Rajagopal et al., 2013) . Effluent separation in situ can be applied in homes, housing complexes and small communities. Additionally, the facilitation of the recovery of nutrients, energy production and the efficient removal of contaminants and pathogenic microorganisms can be obtained through wastewater treatments (de Graaff et al. 2010) . In the case of black and brown water effluents, the volumes generated are dependent on the water consumption required for cleaning the toilet system type. For example, conventional flush toilets (without separation of domestic water) consume 36 to 72 L/(p.d.). Vacuum and gravity toilets require only up to 1.5 and 0.5 L per flush, respectively. Notably, without urine separation the water consumption is 6-9 and 2-3 L/(p.d.) for vacuum and gravity toilets respectively, reducing the tap water use by more than 80% compared to conventional toilets. BW is particularly characterised by its high content of organic matter, nutrients, pathogens, pharmaceutical residues and hormones (Kujawa and Zeeman, 2006) . Several studies have focused on the anaerobic degradation of black and brown waters. For example, Lim and Rajagopal et al. mixed brown water with municipal solid organic wastes using a continuous stirred-tank reactor (CSTR), and obtained yields of 0.3 to 0.5 L CH 4 /gVS f ed (Lim, 2011; Rajagopal et al., 2013) . The recovery of nutrients (phosphorus) and energy production from black water has also been reported (Tervahauta et al., 2014) .
Several factors affect the anaerobic degradation of BW. Disinfectants that contain NaOCl could decrease wastewater treatments when they are used in an uncontrolled manner (Bodik et al., 2008) . In Mexico, the main chemical components present in disinfectants contain NaOCl, sodium hydroxide, ammonium hydroxide, anionic surfactants and nonionic surfactants.
Particularly, the NaOCl is an inexpensive strong oxidant that presents antimicrobial action and is often used in the toilet cleaning processes. The disinfection property of NaOCl depends on the available chlorine concentration and the pH of the solution (Estrela et al. 2002) . NaOCl in contact with water becomes hypochlorous acid (HOCl), which is a very effective biocidal species (Von Gunten and Oliveras, 1998) due to its ability to penetrate the cell membrane by passive diffusion and denature proteins. Furthermore, the concentration of hypochlorite ions (ClO − ) is a key indicator of the cleaning efficiency (Fukuzaki, 2006) ; although it also oxidizes organic matter which results in reduced disinfectant efficiency (Yoon et al., 2013 ). An inhibitory effect of ClO − has been observed in the anaerobic treatment of pig manure (Yoon et al., 2013) . A viable alternative for efficient treatment is to use fermentation times up to 20 days and high organic matter concentration (43 g/L), in order to reduce the inhibitory effect of ClO − on the methanogenic archaea (Yoon et al. 2013) . Main effects of NaOCl on the biological sludge include solubilization of sludge, increase in the EPS caused by floc disruption or destruction of microbial cells, and smaller floc sizes decreasing the sludge settling properties (Chang et al., 2004; Navarro et al., 2016; Liao et al., 2004) .
Therefore, the objective of this work was to evaluate the initial concentration of BW volatile solids (VSo) and different concentrations of NaOCl (ranging from 125 mg/L to 7.5 g/L) on anaerobic digestion of BW analysing the AME, degradation of solids and morphology of granular sludge.
Materials and methods

Sampling and BW characterisation
Faeces samples (without urine) were collected and diluted with 1.5 L of tap water to simulate samples from vacuum toilets. Samples were homogenised and stored at 4°C until used. The parameters measured were: pH, conductivity, soluble chemical oxygen demand (CODs), total chemical oxygen demand (CODt), total solids (TS), volatile solids (VS) and ammonium (NH + 4 ).
Inoculum
Granular anaerobic sludge from reactor samples sourced from the food processing industry was used as the inoculum. Granular sludge showed a specific methanogenic activity (SMA) of 2.23 ± 0.073 gCODCH 4 /gVS.d and a VS concentration of 43 g/L.
Biodegradability assays
The batch assays were conducted at 35 ± 2°C using serological bottles (120 mL) containing 80 mL of substrate and 6.9 g/L of VS as inoculum for each experimental unit. The air was displaced with nitrogen gas over 1 min to obtain anaerobic conditions. Analyses were performed in duplicate and brown water samples without inoculum were used as the controls. Methane production was quantified by the displacement of a solution of 3% (w/v) NaOH.
Biodegradability assays of concentrated BW
The effect of VS concentration on the anaerobic degradation of BW was evaluated in this study through batch assays using different concentrations of VSo (5.98, 9.21, 14.58, 17 .00 g/L). In particular, the assay with 17 g/L of VS was monitored over time to determine the degradation rate of VS. Different response variables were analysed after 25 days: the methane production, degradation of VS, CODt, CODs, solubilisation of organic matter, pH, ammonia, and volatile fatty acids (VFA).
Effect of sodium hypochlorite on BW biodegradability
Batch assays were conducted adding NaOCl to evaluate its effect on the anaerobic biodegradability of BW. A completely randomised design was used to develop the experiments using six levels of NaOCl concentration as the factor. All analyses were performed in triplicate. Different concentrations of NaOCl (reagent grade, available chlorine 14 %) were evaluated (50, 125, 250, 500, 1000, 2500 and 7500 mg/L). 1.5 L of tap water was used to dilute samples of stool to simulate samples from vacuum toilets. CODt concentrations of 14.5 g/L and 6.8 g/L of VS (inoculum) were used to develop the batch assays. Samples of BW without NaOCl were used as controls. The evaluated variables were: methane production over 30 days, VS degradation, total and soluble COD, and inhibition percentage of methane production (ratio between maximum methane production (exposed to NaOCl) and controlled methane production (without NaOCl)) were calculated using the equation 1.
Where: P c is the rate biogas production in the control bottles P t is the rate biogas production in the test bottles 2.4 Analysis of granular sludge exposed to NaOCl (morphology and EPS)
The influence of NaOCl on the specific methanogenic activity (SMA) of granular sludge was evaluated using different concentrations of NaOCl. SMA was determined using the method described by Duran et al. (2008) . Serological bottles were used and 80 mL of Visser mineral medium and glucose were used as the carbon and energy source. Serological bottles without substrate were used as the controls. Biogas production was determined by the displacement of a pH 2 saline solution, to prevent carbon dioxide dissolution (Gonzalez Blanco et al., 2017) . In order to evaluate the effect of NaOCl on the structure of granular sludge, assays were conducted using granular sludge exposed to different concentrations of NaOCl (50, 125, 250, 500, 1000, 2500 and 7500 mg/L). After 25 days of exposure to NaOCl, granule morphology was observed under an optical microscope (Olympus BX50, 4X objective, Evolution T M VF camera). Subsequently, the concentrations of the soluble exopolymeric compounds (proteins and carbohydrates) were determined. Granular sludge samples without exposure to NaOCl were used as the controls.
Analysis of granular sludge mineral composition
Changes in the mineral composition of granular sludge that was exposed to NaOCl were determined by Xray diffraction analysis. Sludge samples were dried at 100°C for 24 h and calcined at 500°C for 50 min. Then, samples were sieved through a mesh of 0.100 mm. Diffraction profiles were obtained using an Xray diffractometer (Siemens Brand D500) with a CuKa radiation source (λ = 1.5406 Å) and a secondary beam monochromator. Identification was determined by comparing the relative intensities using the JCPDS program "Joint Committee on Powder Diffraction Standards".
Analytical methods
pH and conductivity were measured using potentiometric analysis. TS and VS were quantified by methods described by Ferreira et al. (2014) . COD concentrations were determined using standard methods at the initial and final time of assays (APHA, AWWA, WPFC. 2005). Biogas composition was www.rmiq.orgdetermined by gas chromatography, equipped with a thermal conductivity detector (Gow-Mac Serie 580) and a carbosphere 80/100 packed column. Helium was used as the carrier gas with a flow rate of 25 mL/min. The temperatures of the column, injector and detector were set to 140, 170 and 190°C, respectively. The compounds detected were methane and carbon dioxide. The methane volume was corrected to standard pressure (760 mm Hg) and temperature (0°C ). Carbohydrates and proteins were determined by methods described by Dubois et al. (1956) and Lowry et al. (1951) , respectively. Ammonium was determined using an ion selective electrode (Thermo Scientific Orion 9512HPBNWP). VFAs were analysed by gas chromatography. A flame ionisation detector (HP 5890) and an AT-1000 column were used (0.53 mm × 1.2 mm × 10 m). The temperature of the oven was increased to 120°C (10°C min −1 ), and the temperature of the injector and detector were set to 250°C and 200°C, respectively. Nitrogen was used as the carrier gas with a flow rate 3 mL/min and the sample volume injected was 2 µL.
Statistical analysis
The one-way analysis of variance (ANOVA) was applied to estimate significant differences (p <0.05). Number cruncher statistical system (NCSS) software (Kaysville, Utah, USA) was used for the analyses of the statistical experimental design in the batch assays. The Duncan test was used for multiple comparisons of means.
Results and discussion
Characterisation of concentrated brown water samples
Samples of brown water were characterised and simulated as discharges from vacuum toilets ( Table  1 ). The total (CODt) and soluble (CODs) chemical oxygen demand measurements were determined, 25.25 ± 10.58 g/L and 6.80 ± 3.58 g/L, respectively. Based on the concentrations of VS and TS, a ratio of VS/TS was calculated (85%). Similar results (VS/TS ratio of 87%) were previously reported (Rajagopal et al., 2013) , indicating that these samples are suitable substrates for anaerobic digestion (AD). High variability between sample parameters taken in different studies of brown water can be attributed to several factors including the human source-food composition (Rose et al., 2015) . Furthermore, the composition of human excreta varies according to the geographical region, age and time of day (Ronteltap et al., 2009 ).
Biodegradability assays of concentrated brown water
The influence of VS concentration (6, 9 and 14.6 g/L) on the anaerobic digestion of brown water was evaluated in terms of solid degradation, solubilisation of organic matter and methane production. As shown in Fig. 1a , high solid degradation (60%) was obtained with a concentration of 6 g/L VS compared to the controls and other treatments. However, the solubilisation of organic matter increased in all of the controls: 6 g/L VS (56.5 ± 4.2%), 9 g/L VS (49 ± 2.2%) and 14.6g/L VS (45 ± 1.8%). These results can be attributed to methane production from the organic compounds. For example, the methane production was higher at a concentration of 14.6 g/L VS (139.5 ± 23.6 mLCH 4 /(L.d)). In contrast, the concentration of VFA in all of the controls was up to 3 gCOD/L. Also, the pH decreased to 5.6, resulting in low methane production and a high solubilisation percentage Figure 1b . Moreover, the ammonia production was higher in the treated samples than the controls, which resulted in increased sample pH values of close to 7. High concentration of VSo, caused the ammonium accumulation and increased pH (Fig. 1b) . Specifically, 1800 mgNH + 4 /L was obtained for concentrations of 14.6 g/L VS, which is equivalent to 1.4 g/L of nitrogen in brown water. This behaviour could be explained by influence of the ratio of initial substrate concentration to biomasss concentration (0.8 to 2.5 gVS BW /gVS inoculum ) obtained in this study (Lopez-Avilés et al., 2017) . The VS removal levels obtained in our study are slightly higher than 56 % that was reported by Lim (2011) .
In order to determine the degradation rate of VS, assays were conducted at a VS concentration of 17 g/L (Fig. 2) . Hydrolysis was expressed in terms of soluble COD concentration and VS reduction. As can be seen from Fig. 2 , the total COD decreased to 50% after 30 days and the soluble COD increased up to 88% (over a time-period of 2 to 16 days). During the same period a VS removal of 50 % was obtained. A VS degradation rate of 0.49 g/(L.d) was reached. In addition, the methane production increased from day 17 to day 30 (Fig. 2) . These findings suggest that the anaerobic digestion of VS occurs over two stages (i) hydrolysis and fermentation (during the initial 17 days) and (ii) a methanogenic stage (last 13 days). Generally, the anaerobic digestion is developed in two reactors with separate stages (hydrolysis-fermentation and methanogenic) to overcome problems of inhibition. However, this study showed the two stages at the same reactor. These results could be explained by the interaction among nitrogen compounds, VFA, pH and the activity of biological sludge during the anaerobic digestion of BW. Similar studies have reported singlestage reactor using human excreta (Colon et al., 2015) . Although, other authors consider studying the codigestion of faeces with other substrates to avoid phenomena of inhibition and obtain high efficiencies of degradation and methane production (Lalander et al., 2018; Rajagopal et al., 2013) .
Moreover, solubilisation of the organic matter was monitored during the anaerobic digestion of brown water (Fig. 3) . The results showed that from day 4 to day 15 the soluble COD increased to 41%, which is over the same time-period that VS degraded at its fastest rate. The pH was not controlled in the batch reactors. Over the anaerobic digestion period two distinct pH stages could be observed (i) the pH decreased to 5.6 (during the first three days of treatment) and remained constant (between 5.5 and 5.7) until approximately day 16 after which can be attributed to the hydrolysis of the solids contained in the brown water observed in Fig. 2; (ii) the pH increased up to 7 (after 30 days of treatment). These results indicate that the activity of methanogenic archaea was favoured rather than fermentative bacteria. Furthermore, the buffering capacity could be explained by protein hydrolysis (NH + 4 production) and VFA formation from the carbon source. Notably, this contributes to increased efficiency in different stages of anaerobic digestion. The production of NH + 4 and VFA by hydrolytic acidogenic bacteria creates a weak buffer system (Venkata et al., 2009; Wang et al., 2013) . Additionally, in the presence of CO 2 , products from protein hydrolysis result in NH + 4 formation and ammonium bicarbonate (Eq. 2 and Eq. 3). The buffering capacity depends on the balance between CO 2 , bicarbonate and VFA produced (Dahiya et al., 2015) .
(2) (pKa=6.1,bicarbonate buffer)
Effect of sodium hypochlorite on brown water biodegradability
The effects of NaOCl on SMA and VS removal were evaluated during brown water biodegradation. The results indicate that the VS degradation levels were similar when the concentrations of NaOCl were 50 mg/L and 125 mg/L (Fig. 4) . Notably, 51% of VS degraded in the presence of 250 mg/L NaOCl due to fermentative bacteria activity. However, the VS degradation significantly decreased at concentrations of 7500 mg/L NaOCl close to 15%, indicating that the NaOCl causes the chemical oxidation of VS (Fig.  4) . Up to 92% methanogenic activity was inhibited when NaOCl concentrations were higher than 250 mg/L. Moreover, SMA decreased to 50% in the presence of 190 mg/L NaOCl. These results indicate that SMA was not affected by NaOCl concentrations ranging from 50 to 125 mg/L when compared with the control group (0.056 gCOD CH 4 /(gVS.d)) with brown water as the substrate (Fig. 5) . The inhibition of SMA in granular sludge was evaluated under different concentrations of NaOCl (250, 500, 2500 and 7500 mg/L) with glucose used as substrate. The SMA test was used to evaluate the inhibitory concentration of NaOCl in the anaerobic digestion of BW. As shown in Fig. 5 , the SMA decreased significantly as the NaOCl concentration increased. The SMA inhibition reached 90 % at 250 mg/L NaOCl using BW as substrate. While, the SMA inhibition reached 100 % at 1000 mg/L NaOCl using glucose as substrate. These results can be explained due to the BW contains a solid high concentration causing problems of mass transfer and decreasing the inoculum activity compared with glucose. Previous studies have reported that NaOCl affect biological treatments when NaOCl is used uncontrolled manner (Bodik et al., 2008) . In addition, values of the SMA inhibition near 100 % indicate a negative effect on the biological activity of methanogenic archaea as previously observed by Yu et al. (2016) . Therefore, our findings indicate that the BW is a substrate difficult to degrade and the presence of NaOCl decrease significantly its removal.
Analysis of granular sludge exposed to NaOCl (morphology and EPS)
Exopolymeric substances (proteins and carbohydrates) were analysed to evaluate the changes in granular sludge structure due to the presence of NaOCl. As shown in Fig. 6 , exopolymeric substances increased as NaOCl concentration was increased (3080 mg/L of EPS). The results suggest that the structural damage of granular sludge is due to the release of proteins and carbohydrates. In particular, EPS contribute to stabilise the anaerobic granules (matrix microbial structure) and improve the granulation process. Therefore, if EPS are released, granular sludge will lose its conformational integrity, which in-turn decreases the efficiency of water treatment systems (Liu et al., 2004; Ismail et al., 2010) . These results are evidence that solubilization of granular sludge was caused by oxidation of solid sludge, granular disruption or destruction of microbial cells as previously reported studies (Chang et al., 2004; Navarro et al., 2016; Liao et al., 2004) . Samples of granular sludge exposed to NaOCl (up to a concentration of 7500 mg/L) were observed under an optical microscope in order to determine structural damage (Fig. 7) . The rupture of granular sludge was observed as the NaOCl concentration was increased. For example, damaged zones in the granular sludge contour were observed at 1000 mg/L NaOCl (Fig. 7b) ; while a clear rupture of sludge was observed at 7500 mg/L NaOCl (Fig. 7d) . Fig. 6 Effect of NaOCl on granular sludge structure, release of exopolymeric substances carbohydrates (-□-) and proteins (_Δ_). NaOCl concentrations: (a) 50, 125, 250, 500, 1000 mg/L; (b) 2500 and 7500 mg/L. 8 Diffractograms of granular sludge exposed to NaOCl. (a) X-ray diffraction (XRD) profile of control sludge (without NaOCl), red line 77-1316 -cristobalite low, syn -SiO2; (b) XRD profile of sludge exposed to 7500 mg/L NaOCl, blue line 05-0628 -halite, syn -NaCl; (c) XRD profiles of control (red) and sludge exposed to NaOCl (black). Green line 27-1280 -manganese molybdenum oxide (MnMoO4), blue line 24-0354 -copper chromium manganese oxide (CuCr0.5Mn1.5O4), pink line 08-0018 -coesite (SiO2). Fig. 8 . Diffractograms of granular sludge exposed to NaOCl. (a) X-ray diffraction (XRD) profile of control sludge (without NaOCl), red line 77-1316 -cristobalite low, syn -SiO 2 ; (b) XRD profile of sludge exposed to 7500 mg/L NaOCl, blue line 05-0628 -halite, syn -NaCl; (c) XRD profiles of control (red) and sludge exposed to NaOCl (black). Green line 27-1280 -manganese molybdenum oxide (MnMoO 4 ), blue line 24-0354 -copper chromium manganese oxide (CuCr 0.5 Mn 1.5 O 4 ), pink line 08-0018 -coesite (SiO 2 ). -Cruz et al./ Revista Mexicana de Ingeniería Química Vol. 17, No. 3 (2018) [999] [1000] [1001] [1002] [1003] [1004] [1005] [1006] [1007] [1008] [1009] These results can be assigned to the loss of granular sludge mass (3000 mg/L of exopolymeric protein). According to previous reports, NaOCl can increase the specific surface area of soil particles (Kaiser and Guggenberger, 2003) , suggesting that NaOCl could rupture the granular sludge. Our findings indicate that NaOCl is involved with the rupture of granular sludge (bacteria associations, organic matter, inorganic compounds and exopolymeric), which inturn decreases the transport of substrates to various microbial consortia limiting methane production.
Moreno
3.5 Analysis of mineral composition of granular sludge by X-ray diffraction X-ray diffraction (XRD) analyses were performed to determine the structural changes of granular sludge exposed to different NaOCl concentrations. According to the results, granular sludge is mainly composed of amorphous and crystalline fractions. A cristobalite phase (SiO 2 ) with identification number 77-1316 and an amorphous phase, mainly composed of organic material, were observed in the granular sludge that was not exposed to NaOCl (control) (Fig. 8a) . Previous studies reported similar granular sludge profiles, with a crystalline silica fraction associated to the sludge matrix and an amorphous silica fraction associated to diatoms, which are embedded in the silica matrix (Certucha et al., 2010) . However, different results were observed for granular sludge exposed to 7500 mg/L NaOCl (Fig. 8b) . In this case, a microcrystalline arrangement was observed in the region 2θ : 5 − 25 degrees, which is indicative of the presence of NaOCl oxide organic matter. Furthermore, precipitates of NaCl were observed (05-0628). Zimmermann (2007) worked with soil samples exposed to NaOCl, no changes in the structures of soil minerals were observed. Similar results were observed in this study (Fig. 8c ) for control and sludge samples exposed to NaOCl, where the mineral composition was observed to be similar. Therefore, our findings confirm that while NaOCl has an effect on the oxidation of organic matter it does not modify the mineral structure of the granular sludge.
Conclusions
The results presented herein show that anaerobic digestion is a viable alternative for concentrated BW treatment resulting high rates of solid degradation (0.49 gSV/L.d), VS removal efficiencies (60 %) and methane production (139.48 mLCH 4 /L.d ). Anaerobic biodegradability assays suggest that this process can be implement in a single state. In addition, this work was conducted to understand the NaOCl effect on BW treatment (commonly found in toilet cleaning products). As result, the NaOCl decrease the efficiency of anaerobic treatment systems. Particularly, the VS degradation was decreased by the effect of NaOCl (>500 mg/L). The SMA was inhibited by over 90% at NaOCl concentrations of higher than 250 mg/L. In conditions where the NaOCl concentration exceeds 500 mg/L, the anaerobic granules disintegrate due to the release of exopolymeric substances. X-ray diffraction analyses showed a loss of granular organic material due to NaOCl exposure, but no alteration to the mineral composition was observed. This study shows important information regarding the factors that affect the anaerobic degradation of brown water using disinfectants with sodium hypochlorite for toilet cleaning.
